We report a simple route to produce fluorophore-encapsulated gold nanoparticles (AuNPs) in a single step under aqueous conditions using the fluorophore 1-pyrenemethylamine (PMA). Different amounts of PMA were used and the resulting core-shell gold nanoparticles were analyzed using UV-visible absorption spectroscopy, fluorescence spectroscopy, and transmission and scanning electron microscopy. Electron microscopy analysis shows nanoparticles consisting of a gold nanoparticle core which is encapsulated with a lower contrast shell. In the UV-visible spectra, we observed a significant red shift (37 nm) of the localized surface plasmon resonance (LSPR) absorption maximum (λ max ) compared to citrate-stabilized AuNPs of a similar size. We attribute the prominent LSPR wavelength shift for PMA-AuNP conjugates to the increase in the local dielectric environment near the gold nanoparticles due to the shell formation. This simple, aqueous-based synthesis is a new approach to the production of fluorophore-encapsulated AuNPs that could be applicable in biological sensing systems and photonic device fabrication.
Introduction
Synthesis of stable gold nanoparticles (AuNPs) is a focus of modern nanotechnology research due to the size-and shape-dependent optical properties [1] [2] [3] [4] of the particles and the potential application in the development of biological sensors [5] , optical and electronic detection systems [6, 7] , and optoelectronic devices [8] [9] [10] .
A number of wet chemical synthetic routes for production of AuNPs have been developed to fulfill the requirements of these diverse applications [11] [12] [13] [14] [15] [16] [17] . Typically the AuNPs require further functionalization after synthesis with a variety of organic or biological molecules to control the properties of the particles for specific applications [18] [19] [20] [21] [22] [23] [24] . One example of this is the application of AuNPs as probes in biological systems when the particles are functionalized with fluorophores [25] . Additionally, fluorophore-functionalized AuNPs have been used in light-harvesting applications and photonic device fabrication [26, 27] .
Most methods for making organic fluorophore-AuNP conjugates are based on attaching fluorophore molecules to the nanoparticle surface after synthesis of the particles [28, 29] . One of the challenges of this approach is replacing the stabilizing ligand present on the AuNP surface which was incorporated during synthesis. This is often achieved by the addition of fluorophore molecules to the solution of nanoparticles after synthesis and using a place exchange approach to replace the capping ligands to generate fluorophore-functionalized AuNPs. Typically AuNPs are synthesized using either the Brust two-phase reduction or citrate reduction methods, where the AuNPs are capped by stabilizing ligands such as citrate ions [28] or tetraoctylammonium bromide (TOABr) [29] . The TOAB or citrate ions generally adsorb on the AuNP surface and interact weakly with the nanoparticle. Any fluorophore which has amine functional groups may replace weakly bound TOABr or citrate ions because the −NH 2 group has a stronger interaction with the AuNPs [29] . For example, Kamat and coworkers demonstrated that fluorophores containing an −NH 2 group adsorbed to the surfaces of AuNPs which resulted in a strong fluorescence enhancement [29] . In addition, place exchange reactions have also been performed on monolayer protected AuNPs with different thiolated ligands to produce nanoparticle-fluorophore conjugates [30, 31] . In this method, the AuNPs are synthesized in the presence of alkylthiols and then a place exchange reaction is used to add ω-functionalized alkylthiols to the AuNPs. Typically the place exchange is followed by an amide coupling reaction to attach the fluorophores to the ω-functionalized alkylthiolates on the nanoparticle surface [31] . Fluorophores containing alkylthiols have also been used as foreign ligands and introduced to the particle surface through a place exchange reaction on monolayer protected AuNPs [30] . Although place exchange reactions have been successful in producing fluorophorenanoparticle conjugates, the process is time-consuming and limited by a lack of control over the exchange process.
Here we present an alternative approach to producing fluorophore-encapsulated AuNPs. We demonstrate a singlestep synthesis of fluorophore-encapsulated AuNP core-shell materials based on using the fluorophore 1-pyrenemethylamine (PMA). The AuNPs produced by this synthesis are encapsulated by a shell which appears as a lower contrast material compared to the AuNP core in electron microscopy analysis of the materials. We present initial investigations of the chemical composition of the shell structure and the affect of PMA concentration on the morphology of the materials. Experiments indicate that the fluorophore plays a dual role as a reducing and stabilizing agent in the synthesis. We also discuss spectroscopic studies used to characterize the coreshell AuNPs. This synthesis of the fluorophore-encapsulated core-shell materials provides an advantage in avoiding the need for a second stabilizing ligand and eliminates the challenge of attaching the fluorophore in a subsequent step or displacing the stabilizing ligand with the fluorophore [30, 31] . In addition, the synthesis takes place in aqueous solution. This is in contrast to other AuNP syntheses that are carried out in organic solvents [30, 31] which may require further functionalization to produce nanoparticles that are stable in aqueous solution for biological applications.
Experimental details

Materials
All materials were used as received without further purification.
Chloroauric acid (HAuCl 4 ·3H 2 O) and 1-pyrenemethylamine hydrochloride (PMA) were purchased from Aldrich. Ethanol was obtained from Fisher Scientific. All water used was purified using a NANOpure Diamond system (Barnstead, nanopure water >18 M cm −1 ). All glassware was washed with aqua regia (3:1, HCl:HNO 3 ), rinsed copiously with nanopure water and dried overnight in the oven at 120
• C before use.
Synthesis of gold nanoparticles (AuNPs) in water
In a three-neck round-bottomed flask, 0.008 g (0.02 mmol) of HAuCl 4 was dissolved in 100 ml of water and the solution temperature was slowly brought to 70
• C with constant stirring. At this point, 10 ml (1:1 water-ethanol) of 8.0 mM (0.08 mmol) PMA solution was added over a 30 s time period. Approximately 10 min after addition of PMA, the solution temperature was adjusted to 80
• C and stirred continuously. The reaction was monitored by UV-visible absorption spectroscopy and allowed to proceed until the amplitude of the absorption spectrum reached a maximum. The color of the final product solution was magenta with a purplish tint. Once the reaction was complete, the solution was allowed to cool to room temperature and filtered through 0.2 μM filter paper and then additional spectroscopic and microscopic analyses were performed. The filtered solution was stored in a clean brown-glass bottle at 4
• C. Under similar reaction conditions and identical molar concentration of gold salt solution, different mole amounts of PMA were used in the additional syntheses. The ∼16.0 nm diameter citrate-stabilized AuNPs were synthesized using the Frens method as described elsewhere [21, 32] .
Spectroscopy and microscopy measurements
Absorption spectra (250-800 nm) were collected using a Perkin-Elmer Lambda 19 UV/vis/NIR spectrophotometer. Samples of PMA-AuNPs were taken from the reaction vessel and analyzed without a cooling step. The emission spectra were measured using a Shimadzu spectrofluorimeter (RF-1201). An excitation wavelength of 324 nm was used to record the spectra. Transmission electron microscopy (TEM) micrographs were obtained using a Tecnai-12 instrument operating at 100 kV accelerating voltage. For TEM analysis, one drop of centrifuged solution was deposited on a 150 mesh formvar-coated copper grid and excess solution was removed by wicking with a filter paper to avoid particle aggregation. The particle size analysis was conducted by analyzing at least 150 particles in the TEM images using Scion Image Beta 4.02 software. In Scion Image, after setting the known distance and unit, the 'Analyze Particle' parameter was used to generate a table of particle diameters. This table was then exported into Microsoft Excel 2007 where statistical analysis was performed and the corresponding histogram was plotted. Scanning electron microscopy (SEM) images were obtained using a Philips XL 30 ESEM FEG at 20 000× magnification to observe the particle morphology. For SEM analysis, the samples were drop-cast on a piranha-cleaned (7:3 volume ratio of H 2 SO 4 :30% H 2 O 2 ) silicon wafer and the solution was allowed to evaporate at room temperature. (Warning: piranha solution is very corrosive and must be handled with extreme caution. It reacts violently with organic materials and may not be stored in tightly closed vessels.) X-ray photoelectron spectroscopy (XPS) data were recorded using an Axis Ultra instrument with an aluminum (Kα) anode operating at 2.0 × 10 −9 Torr pressure. 
Results and discussion
Synthesis of encapsulated gold nanoparticles (AuNPs)
AuNPs were synthesized according to scheme 1. The formation of AuNPs was monitored by UV-visible absorption spectroscopy at different time intervals and the corresponding spectra are shown in figure 1(A) . Approximately 45 min after the addition of PMA, a featureless absorption spectrum was observed. Then at 60 min a shallow localized surface plasmon resonance (LSPR) peak centered at 539 nm was detected. With time, the LSPR absorption maximum (λ max ) amplitude increased steadily, the asymmetric LSPR peaks became more symmetric and the λ max red-shifted. A stable absorption maximum centered at 556 nm was observed 155 min after the addition of PMA, suggesting complete reduction of gold ions. The solution was heated for an additional 20 min but no further shift of the λ max was observed, which implies that there was no additional growth of the nanoparticles. In the synthesis, the amine groups of the PMA would be expected to induce the reduction of the gold ions, resulting in the formation of AuNPs. The mechanism of amine reduction of gold salt to AuNPs has been reported previously [33, 34] . During the reaction process, the reduction of Au(III) to Au(0) would lead to oxidation of the PMA amine groups to nitriles. In order to investigate the reduction reaction mechanism, the reaction mixture was analyzed by FT-IR spectroscopy (SIfigure 1 available at stacks.iop.org/Nano/21/345603/mmedia). Although we expected to find evidence for the oxidation of the amine group, the spectra do not show any peaks in the 2200-2300 cm −1 region which would be the location of the nitrile stretching band if the amine is oxidized to a nitrile. Because this nitrile peak is not observed, we propose that the reduction mechanism follows an auto-reduction pathway. The mechanism is discussed in more detail later in this paper. The stability of the core-shell particles in solution suggests that the AuNPs were stabilized by the encapsulating PMA-containing shell, likely through interactions with available amine groups, similar to other amine-based stabilizing agents [35] [36] [37] .
Characterization of PMA-AuNP core-shell materials
We investigated the absorption behavior of PMA in the PMAAuNP conjugates by UV-visible absorption spectroscopy, specifically in the 250-450 nm spectral range. Figure 1(B) shows a comparison of the absorption spectra for pure PMA and the PMA-stabilized AuNPs which were synthesized according to the procedure described above. Due to the presence of highly conjugated π electrons in the pyrene moiety, the PMA displays several absorption peaks in the UV-visible region. In figure 1(B) , the pure PMA solution absorption peaks are centered at 264, 274, 311, 324 and 340 nm, corresponding to the π-π * electronic transitions of the aromatic ring electrons and match well with peak positions reported in the literature [38, 39] . The core-shell AuNPs exhibited absorption peaks at the same positions as the pure PMA and no additional peaks were observed, suggesting no major alteration of the conjugation of the π electrons of the fluorophore molecules during the synthesis. This result correlates with that reported by Fox and co-workers who also did not observe any additional absorption peaks due to adsorption of fluorophores on metal nanoparticles [30] . Extinction peaks related to the LSPR behavior of AuNPs with diameters >10.0 nm in water should appear at wavelengths >500 nm [1, 21] . For better visualization of the fluorophore absorption peaks, the spectral region displayed in figure 1(B) does not include the LSPR peak for gold nanoparticles which would appear at 556 nm. However, a spectrum for a larger wavelength range including the LSPR peak is presented in the supporting information (SI-figure 2 available at stacks.iop.org/ Nano/21/345603/mmedia).
The AuNP solution was analyzed by transmission electron microscopy (TEM). images of the synthesized particles without any processing. The TEM analysis shows the PMA-gold nanoparticle conjugates appear to have a core-shell structure composed of a dark AuNP core surrounded by a lower contrast shell. A similar shell structure that appears gray in TEM analysis has been reported previously for metal particles functionalized with organic polymers [40] [41] [42] [43] [44] . Initial characterization of this shell is discussed in more detail below. The TEM analysis showed that the particles have an average core diameter of 15.6 ± 2.1 nm. This result was further confirmed by scanning electron microscopy (SEM) and is discussed later in this paper. We observed that the particles do not aggregate and remain dispersed in solution. In order to investigate the shell formation around the nanoparticles, the reaction mixture was analyzed by TEM at different time intervals during the formation of the AuNPs. Figure 3(A) shows that, during an early stage of the reaction, 5 min after addition of PMA, material exhibiting low contrast is observed on the TEM grid. Low contrast material appears spherical in shape and small gold nanoparticles are observed 60 min after the addition of PMA ( figure 3(C) ). The lower contrast materials appear to behave like reactors where smaller gold clusters form and undergo a subsequent growth or aggregation process to form larger nanoparticles, as shown in figure 3(D) . The exact mechanism for the encapsulation of particles in the low contrast material is not understood at this time. The lack of evidence for amine oxidation suggests that the nanoparticle formation occurs via an auto-reduction pathway and a similar nanoparticle formation mechanism has been described previously for amine-containing polymer used as both a reducing and stabilizing agent [44] . We expect that, in the auto-reduction pathway, an electrostatic association or ion transfer process takes place between H + AuCl − 4 and Py-CH 2 -NH + 3 Cl − . After this complexation, the protonated PMA promotes the reduction of Au(III) to Au(0). The Au(0) undergoes a growth process resulting in the formation of Au nanoparticles.
The time-dependent TEM analysis suggests that, during the course of the reduction process, the small metallic clusters diffuse inside the PMA matrix and form larger nanoparticles. This process appeared to continue until all of the small clusters inside the matrix merged together forming large polycrystalline AuNPs. To minimize the surface energy, the small particles experience a strong driving force towards aggregation. An amine is known as a weak stabilizer for metal nanoparticles and, as a result, the particles inside the matrix may undergo this growth or aggregation process to form larger clusters due to a lack of a strongly bound stabilizing ligand. The low contrast matrix where the small nanoclusters form remains intact and becomes a stabilizing shell around the larger AuNPs. We also observe that in many cases the shells are asymmetric ( figure 2(C) ). The exact mechanism of shell formation and the resulting structure is not fully understood at this point. The We also investigated the chemical nature of the low contrast shell around the particles. As shown in figure 3 , we observed this low contrast matrix almost immediately after the addition of PMA to the AuCl 4 solution, which indicated that the material may be pure, unreacted PMA molecules. In order to test this hypothesis, we used TEM to analyze a PMA solution without gold salt. We prepared 10 ml (1:1 water:ethanol volume ratio) of 8.0 mM (0.08 mmol) PMA solution and added this dropwise over a 30 s time period to pure water without gold salt at 80
• C. The TEM analysis of samples of this solution shows a low contrast material similar to that observed for the AuNP solution (SI-figure 3 available at stacks.iop.org/Nano/21/345603/mmedia). The microscopy analysis suggests that the shell around the AuNPs may be composed of unpolymerized PMA since we see a similar type of material in the absence of the gold salt. In addition, because the chloride salt of 1-pyrenemethylamine was used in the synthesis, the presence of the ions may influence the solubility of the particles in aqueous solution. The protonated PMA could electrostatically adsorb on the AuNP surface in order to stabilize the particles. We may also consider that the PMA molecules may polymerize, depending on the reduction mechanism of the AuNP synthesis. However, if the PMA molecules had polymerized, a large broad absorbance band due to a conjugated polymeric skeleton should appear in the 420-440 nm region. This band was not observed in the absorption spectra ( figure 1(B) ). Moreover, the absorbance peaks centered at 311, 324 and 340 nm should be red-shifted due to polymer formation. However, the peak positions shown in figure 1(B) are not shifted and are typical for unpolymerized PMA. The PMA-AuNP conjugates were also analyzed by FT-IR spectroscopy (SI-figure 1 available at stacks.iop.org/ Nano/21/345603/mmedia). The spectra shows peaks in the ∼1675-1553 cm −1 region that are due to the -N-H bending vibrations of primary amines [14] . This result suggests that the amine groups did not convert to nitrile groups during the reduction of Au 3+ to Au(0). Additionally, aliphatic C-N vibrational stretching was also observed in the ∼1152 cm −1 region. Overall, the results from TEM analysis, UV-visible absorption spectroscopy and FT-IR spectroscopy suggest that the low contrast shell around the AuNPs is likely composed of monomeric PMA. More experimental evidence is required to fully identify the chemical nature of the shell structure around the AuNP core, and this is currently under investigation.
Under similar reaction conditions and identical molar concentration of gold salt as described above, the effects of changing the mole ratio of PMA with respect to the gold salt on the AuNP formation, the material optical behavior and the particle morphology were investigated. Different mole amounts of PMA were added to the reaction mixture and the formation of AuNPs was monitored by UV-visible absorption spectroscopy at different time intervals. The effects of PMA concentration are presented in table 1. In the presence of a higher mole ratio of PMA, the reaction takes a longer time to reach completion. When 0.06, 0.04 and 0.01 mmol of PMA were used for the reduction, the absorption maxima were reached faster compared to when either 0.12 or 0.08 mmol of PMA was used. We previously observed similar behavior when poly(allylamine) was used as a reducing and stabilizing agent to produce gold nanoparticles [14] . The slow reduction for higher PMA concentrations may be due to binding of the PMA amine groups with Au(III), forming an Au(III)-PMA complex which does not undergo fast reduction and slows the overall nanoparticle formation process.
We also observed that, when AuNPs were synthesized using 0.12, 0.08 and 0.04 mmol of PMA, the metallic cores were spherical in shape in the TEM analysis, see figures 2(A)-(C). In the presence of 0.01 mmol of PMA, along with spherical AuNPs, a few irregularly shaped (i.e. non-spherical) nanoparticles were also observed (data not shown). However, irregularly shaped AuNPs, including triangular plates, were the most predominant when the reduction reaction was carried out at 0.007 mmol of PMA, see figure 2(D). This deviation from a spherical shape could be due to the fact that, as we decreased the amount of PMA in the reaction mixture, the small nanoparticles formed during nucleation underwent a growth process that was not uniform due to a lack of PMA stabilizing ligand in the reaction mixture. Under conditions of low PMA concentration, the PMA molecules present could also preferentially bind to specific crystal faces and lead to directed growth and the formation of non-spherical particles. Detailed time-dependent structural studies are required to elucidate the origin of the non-spherical AuNPs. More importantly, the non-spherical particles were not stable and precipitated out of solution within 24 h of synthesis. In contrast to this, the encapsulated spherical AuNPs synthesized using 0.08 mmol of PMA were stable for months (SI-figure 5 available at stacks.iop.org/Nano/21/345603/mmedia). 
LSPR properties of PMA-AuNP core-shell materials
The LSPR peak wavelengths of the PMA-stabilized gold nanoparticles presented in table 1 are quite red-shifted in comparison to what would be expected for the same-size AuNPs synthesized by other methods. To verify this distinct LSPR wavelength shift, similar size (∼16 nm) AuNPs were prepared using the Frens method [32] . The spectra in figure 4 show that the LSPR wavelength of PMA-capped AuNPs (λ max : 556 nm) was 37 nm red-shifted relative to the citratestabilized particles synthesized via the Frens method (λ max : 519 nm) [32] . The dependence of the LSPR wavelength of metal nanoparticles on the local dielectric environment around the particles is well established [45] [46] [47] . The shell around the particles must change the local dielectric environment of the AuNPs and, as a result, influences the LSPR properties. In addition, there also may be an influence due to how the ligands adsorb (chemisorption versus electrostatic adsorption) on the surface of the AuNPs. For example, ∼10 nm AuNPs prepared using poly[2-(N,N-diethylamino)ethyl] methacrylate as a stabilizing ligand produced a red shift of the LSPR maximum compared to similar-size citrate-stabilized AuNPs [37] . We also considered the contribution of the difference in bulk refractive index of the two solutions. The bulk refractive indices of PMA-and citrate-stabilized AuNP solutions were measured to be 1.333 and 1.332, respectively. This difference in bulk refractive indices of the two particle solutions is too small to cause the LSPR maximum red shift observed for the core-shell AuNPs. In fact, the PMA-stabilized particles would be less sensitive to the bulk refractive index compared to citrate-stabilized particles due to the surrounding shell and the small decay length of the localized surface plasmon which would not penetrate far beyond the shell. A combination of both the PMA shell, which influences the local dielectric environment around the particles, and the amine group coordination on the AuNP surface may be partially responsible for the prominent LSPR red shift of the core-shell AuNPs.
The AuNPs prepared in the presence of PMA were also analyzed by SEM to determine the particle size and morphology. Figure 5 presents SEM images of the AuNPs synthesized using 0.01 and 0.08 mmol of PMA. The SEM images show particles are well dispersed and spherical as we also observed in the TEM images (figure 2). The sizes of the particles obtained from the SEM analysis are 17.7 ± 3.7 and 16.3 ± 2.9 nm prepared using 0.01 and 0.08 mmol of PMA, respectively, and agree with the TEM analysis. As expected from the TEM images, the SEM images also show that the metal core particles are surrounded by a matrix which appears to form a shell. The data we have obtained from both the TEM and SEM analysis strongly suggests that the PMA molecules play a role as stabilizers, form a shell around the AuNPs and prevent particle aggregation. The SEM image of the AuNPs prepared using 0.08 mmol of PMA shows the presence of small globules of low contrast (gray) material along with the AuNPs, which could be formed from excess PMA that is not incorporated in the shell surrounding the nanoparticles.
X-ray photoelectron spectroscopy (XPS) was used to analyze the core-shell AuNPs. Figure 6 shows the XPS spectra of a nanoparticle sample synthesized using 0.08 mmol of PMA. The signals at 549, 353, 336, 88, 84 and 59 eV represent the gold 4p 3/2 , 4d 3/2 , 4d 5/2 , 4f 5/2 , 4f 7/2 and 5p 3/2 , respectively, which are closely associated with peaks reported in the literature [48, 49] . In addition the carbon 1s at 285 eV and oxygen 1s at 532 eV were observed. The peak position of the gold 4f doublet, 4f 5/2 (87.9 eV) and 4f 7/2 , (84.1 eV), and the peak-to-peak distance (3.8 eV) clearly verifies that gold was present in the Au 0 oxidation state. The peak at 403 eV was due to N(1s) from PMA molecules which may be present as free molecules and as part of the shell structure [50] .
Fluorescence emission from PMA-AuNP core-shell materials
The fluorescence behavior of gold nanoparticle-fluorophore conjugates has been investigated both for chemical and biological systems. In addition to the report by Kamat et al [29] where a 30-fold enhancement of fluorescence intensity was observed, excitation state quenching is the most common phenomenon when monomeric or polymeric fluorophores bind to AuNPs [28, 51] . Pal et al have investigated the fluorescence quenching of PMA-AuNP conjugates based on varying the size of the nanoparticles [28] . We also examined the fluorescence emission behavior of the core-shell PMAAuNP conjugates we synthesized. Figure 7 presents the fluorescence emission spectra of solutions of PMA-AuNPs using an excitation wavelength of 324 nm (black line). The pure PMA and solutions of PMA-AuNPs were diluted with nanopure water in order to reach the same final bulk PMA concentration of 8.0 × 10 −9 M. Pure PMA displayed two distinct emission bands at 376 and 394 nm and a broad shoulder centered at 416 nm, which indicates that the fluorophores were present in their monomeric form and did not form excimers [28] . At the same excitation wavelength (λ ex : 324 nm), we observed a slight decrease in fluorescence intensity for the PMA-AuNP conjugates as compared to pure PMA as shown in figure 7 . We have found that it is difficult to directly compare the fluorescence intensity of PMA-AuNP conjugates with pure PMA due to the non-homogeneous nature of the shell structure and the presence of unbound PMA in the PMA-AuNP solution. Although we attempted to keep the PMA concentration constant in the solutions for this qualitative comparison, we also have not accounted for the change in PMA solution concentration due to solvent evaporation during the synthesis which takes place at a high temperature (70-80
• C). We are investigating new approaches for purification of the PMA-AuNP core-shell materials. In addition, a more detailed understanding of the shell composition will also be necessary in order to perform a more quantitative analysis of the fluorescence behavior of these core-shell AuNP materials.
Conclusions
In conclusion, we have synthesized encapsulated AuNPs in a single step in water using PMA. The synthesized particles were stable in water without an additional stabilizing agent. As observed by TEM and SEM analysis of the nanoparticles, a shell forms around the metal core of the particles. The shell formation and the well-dispersed nanoparticles indicate that the fluorophore-containing shell stabilizes the AuNPs. Solutions of core-shell PMA-AuNPs exhibit fluorescence emission and a more detailed and quantitative analysis of the fluorescence quenching and enhancement of these materials are under investigation. Detailed studies of the unusual shell encapsulating the gold nanoparticles will be important for a better understanding of the fluorophore-AuNP conjugates and for controlling the fluorescence behavior of these materials for applications. The synthesis of watersoluble fluorophore-encapsulated AuNP conjugates could be applicable in preparing biological sensing tools. The materials could also be useful in preparing hybrid materials for photonic device development.
